behavior is displayed in a stereotypical, sequential manner, a male generally executes each step multiple times before proceeding to the next. Females do not display a distinct courting behavior, but mated females actively reject a new potential mate by walking away, kicking , and FRU m control the expression which controls many aspects of sexual differentiation of numerous male and female effector genes responsiand is necessary for normal courtship behavior. Tetable for differentiation and maintenance of sexual idennus toxin-mediated inactivation of Gr68a-expressing tity. Several dsx-dependent effectors have been identineurons or transgene-mediated RNA interference of fied and were found to be expressed in endocrine Gr68a RNA leads to a significant reduction in male 
1
/Df(dsx)) display severely reduced courtiors essential for propagation in higher animals. In genship behavior (Ryner et al., 1996 ; Villella et al., 1997; eral, courtship is composed of a series of behavioral Villella and Hall, 1996) . Additionally, fru males court both displays controlled by the CNS, modulated by the endomales and females indiscriminately (Gailey and Hall, crine system, and triggered only by highly specific, ex-1989). ternal stimuli that emanate from the mating object.
Several lines of evidence suggest that pheromoneIn wild Drosophila melanogaster, mating occurs near elicited mate recognition is mediated mainly through the feeding sites to which they are attracted by long-range contact chemosensory system. For example, males tap olfactory cues (Markow, 1988) . Mate recognition, courtthe pheromone-coated, female abdomen and genitalia ship, and mating are then mediated by visual, auditory, with their forelegs and labial palps, respectively (Hall, and pheromone signals and displayed in a stereotypic 1994), both of which are covered with taste bristles (Hall, sequence of behaviors particularly well defined in the 1994; Stocker, 1994) . The taste bristles on the forelegs male (Greenspan, 1995; Hall, 1994) : first, the male orients are also implicated in a sex-specific function due to a toward and follows a female (1), taps her abdomen with quantitative difference in their number between males his forelegs (2), and proceeds to generate a "courtship ‫)05ف(‬ and females ‫)73ف(‬ (Nayak and Singh, 1983; song" by rapid wing vibrations (3) ). Upon analysis of about one quarter of the Gr genes, we now report the expression and function tor, we predicted that the sex determination genes, which control all aspects of sexual differentiation, would of Gr68a, a Gr gene expressed in chemosensory neurons of about ten male-specific taste bristles in the foreleg. regulate its expression. Thus, we investigated Gr68a expression in chromosomally female (XX) flies that were We propose that GR68a recognizes a female pheromone(s) involved in the second step of the courtship sexually transformed into ⌿ males by mutations in tra2 or dsx (for details see Experimental Procedures). Both display, which is essential for efficient execution of the entire courtship sequence and timely mating.
types of ⌿ males showed the normal male expression pattern of the p[Gr68a]-Gal4 driver ( Figure 1D (Sweeney et al., 1995) , Upon analysis of about a quarter of the 70 Gr genes, we identified a Gr gene, Gr68a, exhibiting the hallmarks to control for nonspecific effects of overexpression of GAL4 and TNT. It should be noted that TNT does not of a putative pheromone receptor. In adults, Gr68a is exclusively expressed in neurons of about ten malekill the neurons in these males, as coexpression of GFP persists for at least 18 days without apparent change specific taste bristles in the forelegs. No expression was observed in females or any other organ or structure of in cell morphology or loss in fluorescence (data not shown). Overall sensory perception was not affected as males ( Figure 1A and data not shown). Identical ␤-gal or GFP expression patterns were observed with four two courtship-unrelated behaviors, sugar recognition/ sensitivity and gravity locomotion, were not affected independent transgenic p[Gr68a]-Gal4 driver lines, indicating that male-specific expression reflected an intrinin males without functional Gr68a-expressing neurons (Table 2; for details see Experimental Procedures). sic property of the Gr68a promoter ( Figure 1A , Table 1 , and data not shown). To verify that the ␤-gal-positive
We next investigated the function of Gr68a-expressing neurons as putative pheromone receptor neurons. In cells were indeed neurons and not support cells associated with taste bristles, we performed antibody staining principle, these neurons may be activated by a stimulatory female pheromone or an inhibitory male pheromone (Ferand found that ␤-gal immunoreactive cells have the typical structure of sensory neurons and express ELAV proveur and Sureau, 1996). Males lacking functional GRNs expressing a stimulatory pheromone receptor may fail tein, a pan-neuronal marker not expressed in other cell types ( Figure 1B) . To verify that the Gr68a gene is exto recognize a female and therefore exhibit reduced courtship; alternatively, absence of GRNs expressing an pressed in one of the chemosensory neurons and not in the single mechanosensory neuron present in taste inhibitory male pheromone receptor may lead to anomalous male-to-male courtship. We first investigated a stimubristles, we analyzed its expression in a pox-neuro To test whether the reduction in mating performance increases in latency time and fraction of nonmaters when compared to control males ( Figure 2 ). Males lackwas specifically mediated by neurons expressing Gr68a, we generated males in which TNT was expressed in ing functional Gr22e-expressing neurons exhibited a slight increase in both latency time and fraction of nonother sets of gustatory neurons, those expressing Gr66a or Gr22e. These two Gr genes are expressed in a similar maters when compared to wild-type or the various control males; however, this increase is only about 1/3 of or larger numbers of neurons than Gr68a; Gr66a is expressed in about 14-16 neurons in the labelum and in that observed in males lacking Gr68a-expressing neurons. These experiments show that neuron identity, 2 neurons of each foreleg (Dunipace et al., 2001; Scott et al., 2001); Gr22e is expressed in almost 100 GRNs and rather than absolute number, is important for efficient male courtship behavior and identify Gr68a-expressing is the most abundantly expressed Gr gene characterized neurons as a set of gustatory neurons critically involved expressing Gr68a in a more natural mating environment, we carried out three sets of competition experiments. in this behavior.
To test whether the reduction in mating performance In the first two experiments, a male lacking functional Gr68a-expressing neurons was forced to compete for of males lacking functional Gr68a-expressing neurons was due to reduced courtship intensity, we determined a virgin female against either a wild-type male or a male expressing TNT in . As expected, males lacking functional the courtship index (CI) of several types of males (for details, see Experimental Procedures). These experiGr68a-expressing neurons were far less successful to copulate than the competing control males under these ments showed that males lacking functional Gr68a-expressing neurons spent significantly less time courtmating conditions (only once in 46 and 40 competition experiments, respectively). The third set of competition ing a female (CI of 40 Ϯ 3), when compared with both groups of control males (66 Ϯ 3 and 80 Ϯ 3, respectively; experiments pitted the two control types, wild-type males versus those expressing TNT in , against each other Figure 3A ). Thus, loss of mating efficiency in males lacking functional Gr68a-expressing neurons is caused, at and showed that they had similar success rates (24 times and 16 times, respectively, in 40 experiments). least in part, by reduced courtship intensity.
Thus, these experiments established that males lacking functional Gr68a-expressing GRNs in each of the two Neurons Expressing GR68a Provide a Competitive Advantage in Courtship forelegs performed poorly in a controlled competitive mating environment, demonstrating an essential role for In Drosophila, mating is essentially characterized by a "first come first serve basis": once fertilized, females these neurons in efficient male courtship behavior. increase egg laying and exhibit a strong rejection behavior toward additional suitors and elicit less courtship GR68a-Expressing Neurons Function in Recognition of a Female Pheromone activity for several days (Hihara, 1981; Spieth and Ringo, 1983) . Thus, males carrying out the courtship sequence
The results described thus far suggest that Gr68a-expressing neurons are involved in the recognition of a more efficiently and flawlessly have a competitive mating advantage. In order to investigate the role of neurons stimulatory female pheromone. A priori, however, we sets of experiments: first, we paired males lacking functional Gr68a-expressing neurons, wild-type males and males expressing the inactive tetanus toxin protein with male pheromone profile. These males (S12/14; UAS-tra), which are visually and behaviorally indistinguishable virgin control males and determined male-to-male courtship behavior by measuring their CI. This analysis from wild-type males, express the TRA protein under the control of an inducible GAL4 protein in secretory revealed that all tested males exhibited virtually no courtship activity toward other males ( Figure 3B ), an cells including oenocytes (Roman et al., 2001 ). Selective expression of TRA in oenocytes results in the production observation that further supports a role for Gr68a-expressing neurons in the recognition of a stimulatory of female pheromones in otherwise normal males, which elicit aggressive courtship from other males including female pheromone. Second, to address the possibility that reduced courtship of males lacking functional wild-type males (Ferveur et al., 1997). When S12/14; UAS-tra males were used as mating partners for males Gr68a-expressing neurons could be attributed to their failure to recognize other female cues (visual, behavexpressing the active TNT protein in Gr68a-positive cells, we observed a reduction in the CI similar to that ioral, etc.), we subjected the three types of males to single mating experiments with males exhibiting a feobserved with female mating partners; similarly, the con-trol males showed virtually as high of a CI toward these ds_Gr68a; if, on the other hand, incomplete knockdown or presence of a second receptor is the major cause for "pheromonally feminized" males as they do toward virgin females (Figures 3A and 3C) . the weaker phenotype, no change in severity should be observed in older males. Single mating experiments Taken together, our data strongly suggest that the Gr68a-expressing neurons in the male forelegs are necrevealed that older males indeed showed a further reduction in courtship performance, reaching levels simiessary for the recognition of a female pheromone component. lar to males lacking Gr68a-expressing neurons altogether (Figures 2 and 5) . The CI of these males toward virgin females was also significantly reduced to 50.8 Ϯ Gr68a-Expressing Neurons Are Required 4, a value close to that observed in males expressing Early in the Courtship Sequence TNT in GR68a-positive neurons (40.0 Ϯ 3). Importantly, Drosophila courtship consists of a sequence of behavage per se had no effect on courtship performance beiors, the proper order of which is crucial for efficient cause older control males showed no reduction in matmating ( Figure 4A ). To identify the specific step(s) in ing efficiency and were indistinguishable in their perforwhich Gr68a is involved, we quantified three individual mance from young control males. courtship steps (1, 3, and 5), all of which can be readily Finally, we also quantified individual courtship steps quantified (for details, see Experimental Procedure). The of ds_Gr68a RNA-expressing males in order to detertwo types of control males initiated courtship about mine the courtship deficit more precisely. We found once per minute, whereas males lacking functional that these males showed also a significant decrease in Gr68a-expressing neurons had a modest, but significant, executing later courtship steps, such as wing extension/ increase in initiation (1.4 times/min, Figure 4B ). Interestvibration, mating attempts, as well as copulation, ingly however, wing extension/vibration and attempted whereas courtship initiation was increased, just as obmating were 2-to 3-fold reduced in these males when served in males expressing TNT (compare Figures 4B compared to the two control males ( Figure 4B ). Thus, and 4C). We note that no reduction in courtship perour analysis shows that the neurons expressing GR68a formance was observed when ds_yellow RNA, which are crucial after step 1 and before step 3, suggesting reproduces an exact phenocopy of null yellow mutations that males without proper pheromone input through the animal species. Yet, surprisingly little is known about Hence, the phenotype observed in males lacking functhe specific pheromone receptors, signal transduction tional Gr68a-expressing neurons could be attributed pathways and neuronal networks that integrate chesolely to a second GR protein present in these cells. To mosensory with various other sensory inputs during address this possibility, we employed RNA interference courtship. to knock out/down the expression of Gr68a RNA/protein Here, we showed that a set of about 20 neurons asso- (Fire et al., 1998; Piccin et al., 2001 ). We generated males ciated with male-specific taste bristles in the forelegs expressing a double-stranded Gr68a RNA (UASof Drosophila melanogaster is crucially involved in pherds_Gr68a) under the control of the p[Gr68a]-Gal4 driver omone recognition during male courtship behavior. and observed a statistically significant reduction in matThese bristles are molecularly characterized by the exing performance both with regard to the fraction of nonpression of the proposed taste receptor GR68a. RNAmaters and the increase in latency time ( Figure 5) . The mediated repression of this gene showed that Gr68a more modest phenotype compared to males lacking is in fact directly involved in recognition of a female functional Gr68a-expressing neurons might be expheromone, providing a precedent for a sex-specific plained by a temporal delay of ds_Gr68a RNA exprespheromone receptor with a defined function in courtship sion, which requires first the accumulation of GAL4 probehavior. tein; hence some GR68a protein may be produced before ds_Gr68a RNA is transcribed to promote endogenous Gr68a RNA degradation. Alternatively, Gr68a RNA
Dissection of a Complex Behavior
In principle, courtship behaviors serve two purposes: to might not be efficiently degraded or a second Gr gene expressed in these neurons might partially substitute attract the attention of a mating partner and to identify the sex and mating status of a con-specific animal. The for Gr68a function. To investigate these possibilities, we subjected older males, aged for an additional 7-10 days, complex sequence of behaviors of male Drosophila melanogaster combines both these purposes and is critical to the single mating assay. If protein turnover is the major cause for the difference between young males in guiding the male in a coordinated fashion through the entire courtship ritual culminating in successful copulaexpressing TNT versus ds_Gr68a RNA, the phenotype should become more severe in older males expressing tion. The perception of female pheromones during the Figure 2) . Note that initiation/orientation is significantly increased in males with inactive Gr68a-expressing neurons when compared to the two control males, whereas later steps (3, 5, and 6) showed a significant reduction (2-fold). ANOVA analysis (p Ͻ 0.0001) and pairwise comparison (t test) showed statistically significant differences between p[Gr68a.1]-Gal4; UAS-TNT and the two controls (p[Gr68a.1]-Gal4; UAS-TNT in and wild-type; **p Ͻ 0.005). (C) Individual courtship steps were quantified in males expressing ds_Gr68aRNA or ds_yellow RNA under the control of the p[Gr68a]-Gal4 driver, measuring the initiation, wing extension/vibration, and copulation attempts during the first 5 min of a single pair mating (or until copulation occurs; for details on assay, see Experimental Procedures). The mating frequency reflects percentage of males that copulate within 30 min (see Figure 5) . As in males with inactivated Gr68a neurons (see Figure 4B) , initiation/orientation is significantly increased in males expressing ds_Gr68aRNA when compared to control males expressing ds_yellow RNA, whereas later steps (3, 5, and 6) showed a significant reduction (2-fold). Pairwise comparison (t test) showed statistically significant differences between p[Gr68a.1]-Gal4; UAS-ds_Gr68aRNA and p[Gr68a.1]-Gal4; ds_yellow control males (*p Ͻ 0.05; **p Ͻ 0.005).
second and fourth step of the sequence are crucial male courtship behavior. When Gr68a-expressing neurons were functionally inactivated by coexpressing TNT, events of courtship and must be integrated with other sensory input, including visual cues (female-specific colmales showed a significant reduction in courtship activity toward females or males with a female pheromone oration of the abdomen) and behavioral responses of the female toward the male during the entire courtship.
profile, but no increase of courtship toward other males (Figures 2 and 3) . Therefore, these neurons mediate a The functional characterization of the Gr68a-expressing neurons associated with male-specific taste bristles stimulatory response of an attractive, female pheromone as opposed to a repressive response of an inhibiof the forelegs provided an opportunity to dissect the
The GR68a Receptor Is Essential for Efficient Courtship
The courtship phenotype associated with inactivating Gr68a-expressing neurons is likely to be mediated by the GR68a receptor itself. Males in which GR68a expression was suppressed by RNAi had an increase in mating latency, fraction of nonmaters, and reduced courtship intensity, as was observed in males in which the Gr68a-expressing neurons were inactivated altogether ( Figure  5) . Moreover, the detailed courtship analysis revealed that these males also stall during the same step in the courtship sequence, with almost identical severity as males with inactivated Gr68a-expressing neurons, arguing for a major role of this receptor in recognition of a female pheromone (compare Figures 4B and 4C) . It is quite possible that Gr68a is the only Gr gene that is expressed in these neurons. Reported expression stud- reported to be required for normal mating behavior of mice (Del Punta et al., 2002). Female mice homozygous for this multigene knockout showed reduced aggression tory male pheromone. The specific role for these neutoward invaders, and homozygous male mice showed rons was associated with the tapping step during reduced sexual aggression toward both sexes. Howcourtship (step 2), in which the male directly contacts ever, none of the V1Rs included in that deletion were the pheromone-coated abdomen of the female with the reported to be sex specific, and it remains to be investitarsi of his forelegs (Greenspan, 1995; Greenspan and gated whether specific behavioral phenotypes can be Ferveur, 2000; Hall, 1994). By quantitatively analyzing associated with individual V1R genes. individual courtship steps, we showed that males lacking function Gr68a-expressing neurons stall during the second step (Figures 4A and 4B) . Moreover, the modest Diverse Roles for the GR Proteins The 70 Drosophila Gr genes, which are distantly related increase in initiation/orientation (step 1) suggests that these males "start over" more often with the courtship to the olfactory receptor (Or) genes, encode a diverse family of G protein-coupled receptors that share besequence than males with intact Gr68a-expressing neurons. Knowing the identity of these neurons and the tween 15% and 80% sequence similarity. No other candidate chemosensory receptors have emerged from the specific phenotype associated with their inactivation should provide future opportunities to address more complete genome sequence of Drosophila, suggesting that the GR proteins might accommodate the detection complex questions pertinent to this intriguing behavior. Female and male mating targets were from the w 1118 strain, unless noted otherwise. Males and females were collected as virgins shortly magnesium chloride, 0.01% sodium deoxycholate, 0.02% Nonidet p40). Flies were dissected in X-gal buffer and then stained overnight after eclosion. Males were kept in isolation until used for mating behavior assays at the age of 4-7 days, unless indicated otherwise; at 37ЊC on a rotating platform in X-gal staining solution (X-gal buffer
